INTRODUCTION
Mitochondrial proton (H + ) leak is a basal or induced permeability of the mitochondrial inner membrane, resulting in partial dissipation of the ψ m (transmembrane electrochemical gradient) and uncoupling of substrate oxidation from ATP synthesis [1, 2] . Since mitochondrial-derived ATP is essential for cellular functions, such uncoupling is often regarded as being detrimental. However, recent evidence has suggested that a cytoprotective role exists for low level H + leak [3] [4] [5] [6] [7] [8] [9] [10] , possibly because mild ψ m dissipation appears to diminish ROS (reactive oxygen species) generation by the organelle, and may also prevent mitochondrial Ca 2+ overload [2, 11, 12] . The potential mechanisms of mitochondrial H + leakage fall into four partially overlapping groups: (i) leak via the novel UCPs (uncoupling proteins) [1, 13] , (ii) allosteric stimulation of a H + leakage function in the ANT (adenine nucleotide translocase) by AMP [14] , (iii) transmembrane cycling of protonated/ unprotonated non-esterified fatty acids [15, 16] , and (iv) a H + sub-conductance state of the mitochondrial PT (permeability transition) pore [17] [18] [19] . Several of these mechanisms may be activated by mitochondrial events during cardiac IR (ischaemia/ reperfusion) injury or IPC (ischaemic preconditioning), including the generation of ROS, PT pore opening, or AMP generation [20, 21] . However, the role of H + leak as an injurious or protective phenomenon in IR injury and IPC is poorly understood.
An increased H + leak has been reported after cardiac ischaemia alone, with non-esterified fatty acid cycling as the proposed mechanism [22] . However, most of the damage in IR injury occurs during reperfusion, and thus a more extensive analysis is required. In addition, while it has been shown that IPC can decrease ψ m [3] , or that IPC and IR can increase the rate of state 4 respiration [23, 24] , such changes can occur due to the altered activity of the respiratory chain, and thus the measurement of ψ m or respiration alone is insufficient to determine H + leak. Strictly defined, H + leak is the state 4 respiration rate required to maintain a given ψ m , and the only genuine method to determine H + leak between experimental groups is to simultaneously measure both respiration and ψ m [1, 2] .
In the present investigation, a comprehensive study of mitochondrial H + leak in IR injury and IPC was undertaken hypothesizing that the mechanism of H + leak in these two conditions are different. Overall, a small reversible elevation of H + leak was found in IPC, mediated by UCPs, and a large irreversible elevation of H + leak was found in IR injury, mediated by the ANT.
MATERIALS AND METHODS
Male Sprague-Dawley rats (approx. 200 g) were from Harlan (Indianapolis, IN, U.S.A.). All procedures were in accordance with the National Institutes of Health, Guide for the Care and Use of Laboratory Animals. SfA (sanglifehrin A) was a gift from Novartis (Basel, Switzerland). All other chemicals were from Sigma (St. Louis MO, U.S.A.) unless otherwise stated.
Abbreviations used: ψ m , transmembrane electrochemical gradient; AP 5 A, diadenosine pentaphosphate; CAT, carboxyattractyloside; CsA, cyclosporin A; IR, ischaemia/reperfusion; IPC, ischaemic preconditioning; UCPs, uncoupling proteins; ANT, adenine nucleotide translocase; MVO 2 , myocardial O 2 consumption; PT, permeability transition; ROS, reactive oxygen species; RPP, rate pressure product; SfA, sanglifehrin A; TPMP + , triphenylmethylphosphonium. 1 To whom correspondence should be addressed (email paul brookes@urmc.rochester.edu). 2 ] with perfusion flow rate. After 20 min of equilibration, hearts were subjected to one of the following seven protocols: (i) control, consisting of a further 45 min of normoxic perfusion, (ii) IPC alone, consisting of 3 × 5 min ischaemia, interspersed with 5 min of reperfusion, (iii) IR, consisting of 25 min of global ischaemia followed by 30 min of reperfusion, (iv) IPC followed by IR, (v) IR with perfusion with the adenylate kinase inhibitor AP 5 A (diadenosine pentaphosphate; 50 µM) for 10 min prior to ischaemia, (vi) IR with perfusion with the PT pore inhibitor CsA (cyclosporin A; 0.2 µM) for 10 min prior to ischaemia, (vii) IR with perfusion with the PT pore inhibitor SfA (1 µM) for 10 min prior to ischaemia. At the end of all protocols, except (vi), mitochondria were isolated and their H + leak was measured.
Perfused rat hearts

Isolated mitochondrial measurements
Heart mitochondria were isolated and their protein concentrations determined as previously described [25, 26] . Total mitochondrial yields for the control, IR and IPC groups were 15.6 + − 0.9, 15.2 + − 1.1, and 14.5 + − 1.2 mg mitochondrial protein per g wet cardiac tissue respectively. Mitochondrial H + leak was determined by simultaneous measurement of state 4 respiration (O 2 consumption) and ψ m , in a chamber equipped with electrodes sensitive to O 2 and TPMP + (triphenylmethylphosphonium) essentially as previously described [27, 28] , but omitting nigericin from the medium to eliminate artifactual H + leak secondary to K + fluxes. Briefly, mitochondria (0.5 mg/ml) were suspended in buffer containing KCl (120 mM), KH 2 PO 4 (3 mM), Tris (50 mM), rotenone (5 µM), oligomycin (1 µg/ml) and fat-free BSA (0.25 %, w/v), at pH 7.35 and 37
• C. After calibrating the TPMP + electrode, mitochondria were energized and state 4 respiration initiated by the addition of succinate (5 mM). Complex II activity was titrated with malonate (50 µM-5 mM), and at the end of each incubation FCCP (carbonyl cyanide p-trifluoromethoxyphenylhydrazone; 1 µM) was added to uncouple mitochondria and to correct for electrode drift. The calculation of ψ m was obtained from the Nernst equation using a TPMP + -binding correction factor of 0.4, and an intra-mitochondrial volume of 0.65 µl/mg of protein [29] . To determine the relative contribution from UCPs or ANT to H + leak, measurements were performed in the presence of GDP (1 mM) or CAT (carboxyattractyloside, 5 µM) respectively.
Immunoprecipitation and Western blotting
UCPs were immunoprecipitated from 2 mg of freshly isolated mitochondrial protein, using protein-A/G agarose (Calbiochem, San Diego, CA, U.S.A.), and polyclonal antibodies (1:20 dilution) against UCP2 or UCP3 (ADI, San Antonio, TX, U.S.A.). Samples were resolved on an SDS-PAGE (15 %) gel, transferred to nitrocellulose, and probed with anti-UCP2/UCP3 antibodies at a 1:500 dilution. A horse radish peroxidase-linked secondary antibody (GE Biosciences, Piscataway, NJ, U.S.A.) was used at a 1:2500 dilution, with enhanced chemiluminescence detection (Pierce, Rockford, IL, U.S.A.). 
Statistics
All data are representative of 4-7 separate experiments in seven experimental groups. Statistical differences between groups were determined by ANOVA [30] .
RESULTS
Rate pressure product (RPP) and O 2 consumption data from the various heart perfusion protocols are shown in Figure 1 . Severe left ventricular dysfunction occurred after IR injury, as shown by a post-IR RPP that was decreased to 8 + − 2 % of the pre-IR value ( Figure 1A) . Notably, pretreatment with CsA, IPC, SfA or AP 5 A significantly ameliorated this damage (post-IR recovery of RPP 23 + − 3 %, 35 + − 3 %, 29 + − 5 %, or 28 + − 6 % respectively). Figure 1 (B) shows that MVO 2 did not significantly change with any of the treatments. Thus expressing MVO 2 /RPP ( Figure 1C) shows a large post-IR increase in the amount of O 2 required for a given amount of cardiac functionality, and this increase was inhibited by the four cardioprotective treatments (CsA, IPC, SfA or AP 5 A). There are many potential causes of inefficiency between O 2 consumption and contractile function that could occur in IR injury, including excitation-contraction coupling defects, ion cycling, ATP hydrolysis, adenine nucleotide loss or mitochondrial H + leak. In the present study we chose to focus on mitochondrial H + leak, since it is relatively unstudied in the context of IR injury and IPC. 
Figure 2 shows the H
+ leak of mitochondria isolated from control, IPC-and IR-treated hearts. The curves appear to be similar to classical determinations of the rate of mitochondrial H + leak in other models [1, 22, 27] , with an upward/leftward shift representing increased leakage. To compare differences in H + leak between experimental groups, the respiration rate required to maintain a common value of ψ m (160 mV) was calculated, and is shown in the panel inset. A large elevation in H + leak was observed after IR (411 + − 28 % compared with control, P < 0.001), with a smaller but nonetheless highly significant elevation after IPC alone (202 + − 27 % compared with control, P < 0.005). Note that fatty-acid-free BSA was present in all mitochondrial incubations, and thus H + leak was not mediated by non-esterified fatty acid cycling, as has been previously suggested [15, 16, 22] .
To determine the relative contribution of either UCPs or the ANT to H + leak, measurements were performed in the presence of GDP or CAT respectively. Figure 3(A) shows that neither compound affected the H + leak of control mitochondria, suggesting that baseline H + leak is not mediated by UCPs or ANT stimulation, and in agreement with previous observations [1, 2] . By contrast, Figure 3 (B) shows that the increased H + leak after IR injury was partially inhibited by GDP, suggesting a minor contribution from UCPs. Remarkably, the post-IR increase in H + leak was inhibited approx. 60 % by CAT, suggesting a major role for the ANT.
The ANT could mediate H + leak by two distinct mechanisms, participation in the PT pore [17] [18] [19] , or through its allosteric activation by AMP [14] . To investigate the former, hearts were perfused prior to IR with the PT pore inhibitors CsA or SfA [17, 31, 32] . Figure 4 (A) shows that the H + leak was lower in mitochondria isolated from SfA-treated IR hearts, compared with those from regular IR hearts. Figure 4 (B) demonstrates that CsA or SfA also largely inhibited the post-IR increase in MVO 2 /RPP. Together, the data in Figure 4 indicate a potential role for PT pore opening in the increased H + leak and decreased cardiac O 2 efficiency after IR injury.
To investigate a role for allosteric ANT activation by AMP [14] in post-IR H + leak, hearts were perfused with the adenylate kinase inhibitor, AP 5 A, prior to ischaemia, to prevent AMP form- ation. Figure 5(A) shows that the H + leak in mitochondria isolated from AP 5 A-treated IR hearts is significantly lower that of mitochondria from regular IR hearts. Figure 5 (B) shows that AP 5 A almost completely inhibited the post-IR increase in MVO 2 /RPP after 30 min of reperfusion. Together these data suggest that a significant proportion of the increased H + leak in IR injury may also be mediated by an AMP-ANT allosteric effect. Overall, the data in Figures 4 and 5 suggest that an increased H + leak after IR injury occurs via the ANT, with contributions from both PT pore opening and AMP allosteric activation, and a minimal role for UCPs.
In addition to the large elevation in the H + leak observed after IR injury, we next examined the mechanism of the small but significant increase in H + leak after IPC (Figure 2 ). Figure 6 (A) shows that the IPC-induced elevation in the H + leak was completely inhibited by both the UCP inhibitor, GDP, and the ANT inhibitor, CAT. While these data suggest a role for UCPs in H + leak, the existence of UCPs in the heart is still debated, owing to the reliance of many studies on mRNA evidence alone, and to discrepancies that exist between UCP mRNA and protein levels [2] . Indeed, preliminary Western blotting (results not shown) failed to detect UCPs in isolated rat heart mitochondria. Thus an immunoprecipitation approach was adopted, and the results, shown in Figure 6 (B), confirm the existence of both UCP2 and UCP3 proteins in rat heart mitochondria. This is in agreement with a single report that these proteins are present in human heart mitochondria [33] .
Having established that the H + leak was slightly increased after IPC, and to a greater extent after IR, we next investigated the connection between these two events. As expected, IPC protected the heart from IR injury (Figure 1 ). Figure 7 (A) shows that IPC before IR inhibited the IR-induced increase in mitochondrial H + leak. In agreement with these data, Figure 7 (B) shows that the post-IR elevation in MVO 2 /RPP was largely prevented in hearts subjected to IPC. In addition, Figure 7 (B) shows that MVO 2 /RPP was significantly increased during the IPC development protocol (i.e. measured during the first, second and third reperfusion periods between transient ischaemia). This is consistent with the increased H + leak observed in mitochondria isolated from hearts subjected to IPC alone (Figure 2) .
The combined mitochondrial H + leak data for all conditions studied are shown in Figure 8 (A), and were analysed by ANOVA. Since it had previously been assumed (but not determined ex- perimentally) that changes in MVO 2 /RPP may originate partly from changes in the H + leak [8] , we next sought to examine the relationship between MVO 2 /RPP and H + leak. Paired data (i.e. from the same heart) for isolated mitochondrial H + leak and whole heart MVO 2 /RPP were plotted. The resulting plot in Figure 8(B) shows a strong correlation between MVO 2 /RPP and H + leak (r 2 = 0.71). While several factors may underlie the increased MVO 2 /RPP observed in IR injury or IPC, this plot suggests that the mitochondrial H + leak may partially contribute to such an increase.
DISCUSSION
The main findings of this study are as follows. (i) A large elevation in the mitochondrial H + leak after IR, is mediated by the ANT, with a minimal contribution from UCPs. (ii) A small elevation in the H + leak after IPC is mediated primarily by UCPs, both UCP2 and UCP3 proteins being present in rat heart mitochondria. (iii) Under all conditions in which changes in the H + leak were observed, corresponding changes in MVO 2 /RPP were also observed. It should be noted that a cause-and-effect relationship cannot be inferred from the correlation between H + leak and MVO 2 /RPP shown in Figure 8(B) . This is partly because the Langendorffperfused hearts in the present study were in non-working mode, in which RPP is not a true measure of cardiac work. Despite this, numerous studies have used both RPP to represent work, and MVO 2 /RPP as a measure of energetic efficiency in non-working hearts [8, [34] [35] [36] [37] [38] . In this context it is important to emphasize that regardless of the mode of perfusion (working or non-working), any relationship between MVO 2 /RPP and H + leak is purely correlative. This will remain the case until tools facilitating the manipulation of H + leak in situ become available. While UCP2, and UCP3 knockout mice have been generated [39, 40] , each exhibits compensatory over-expression of other UCPs, and a dual knockout has not yet been created. Similarly, there are no specific UCP inhibitors currently available commercially.
In support of a pathological role for H + leak in IR injury, all of the treatment strategies that inhibited the post-IR elevation in H + leak (CsA, IPC, SfA and AP 5 A) also significantly improved post-IR cardiac functional recovery (Figure 1) . A potential role for the PT pore in the post-IR increase in the H + leak is supported by data in Figure 4 . However, this interpretation is subject to the specificity of the pharmacological agents used to inhibit the PT pore. In particular, CsA can also inhibit calcineurin, although the repetition of these results when using the novel PT pore inhibitor, SfA, which does not inhibit calcineurin [32] , suggests that CsA is acting on the PT pore in this case. While the mechanism and nature of the PT pore are beyond the scope of this discussion (reviewed in [17, 41, 42] ) it is noteworthy that the PT pore can exist in several ion-selective flickering states that are unrelated to full-scale PT pore opening and cytochrome c release [18, 19, 43] . We do not consider it to be likely that large-scale PT pore opening accounts for the H + leak observed in IR injury, since this would be accompanied by cytochrome c release resulting in the inhibition of respiration, which was not observed (Figure 2) . The presence of EGTA in the mitochondrial isolation medium also makes it unlikely that PT pore opening occurred during this isolation. Furthermore, large-scale PT pore opening would result in mitochondrial swelling and altered centrifugal buoyancy, but the similar yields and purity [44] of mitochondria from control compared with IR hearts suggests that this is not the case. The inhibition of IR-induced H + leak by CAT ( Figure 3B ) strongly implicates ANT, but it should be noted that CAT stabilizes the cconformation of ANT, which promotes PT pore opening. Thus ANT probably mediates H + leakage via a mechanism that is related, but is not identical, to that of the PT pore.
A continuum of mitochondrial pores and channels are known to involve the ANT, and while large-scale PT pore opening is at one end of this spectrum, a H + -selective channel induced in the Individual mitochondrial H + leak data points from six experimental groups (control, IPC, IR, IPC + IR, SfA + IR and AP 5 A + IR) were plotted against MVO 2 /RPP data from corresponding hearts. r 2 was obtained by linear regression analysis. Note that both parameters (H + leak and MVO 2 /RPP) were not available for all experiments performed, and thus the total number of points on this plot is less than the total n value for the entire study.
ANT via allosteric stimulation by AMP [14] is at the other end. The latter may be particularly relevant to ischaemia, in which AMP levels are increased. In addition, ANT content has recently been demonstrated as a significant determinant of basal H + leakage [45] . In order to investigate the possible role of the AMPinduced H + leak in IR-mitochondria, hearts were treated with the adenylate kinase inhibitor, AP 5 A, in order to limit AMP formation, and this inhibited the IR-induced elevation in both cardiac MVO 2 / RPP and mitochondrial H + leak ( Figure 5) . Notably, the downstream effects of AMP may not be limited to allosteric activation of ANT, since AMP can also promote PT pore opening [17, 41, 42] . Thus some of the observed cardioprotection from AP 5 A (Figure 1 ) may be due to PT pore inhibition. Overall, these data undoubtedly suggest a role for the ANT in IR-induced H + leak. What is less clear, is the exact conformation and mode of action of the ANT. Better experimental tools are required to distinguish between the various intermediate conductance states of the ANT-PT pore complex.
A multi-factorial origin for increased H + leak in IR-mediated injury is also supported by data showing that the UCP inhibitor, GDP, decreased H + leak by a similar amount in IR-and IPCtreated mitochondria ( Figure 8A ). While GDP treatment completely returned the level of H + leakage to baseline in IPCtreated mitochondria, it failed to do so in IR-mitochondria, owing to additional non-UCP-mediated H + leak mechanisms, as described above. The assignment of the small elevation in H + leak in IPC (Figure 6 ) to UCPs, hinges on the specificity of the inhibitors used. While CAT is known to inhibit UCPs [46] , it also inhibits ANT (as described above). In isolated mitochondria GDP is a reasonably selective UCP inhibitor. However, preliminary studies in perfused hearts failed to show that GDP had any effect on cardiac function in IPC (results not shown). Thus although MVO 2 /RPP is increased during the development stages of IPC (Figure 7B ), the lack of pharmacological tools to specifically inhibit UCPs inside cells precludes the assignment of this increase to a UCP-mediated H + leak. The mechanism of UCP activation in IPC also remains to be determined, although in this context it is known that ROS can activate UCPs [47] [48] [49] and ROS are critical for cell signalling in IPC [21, 50] . Furthermore, it was recently shown that cardiac UCP2 mRNA expression is increased during the delayed second window of IPC [6] . This is the first study to suggest the involvement of endogenously expressed baseline levels of UCPs in short-term IPC signalling.
Mild mitochondrial uncoupling via over-expression of UCPs or by treatment with chemical uncouplers, has previously been advocated as a cytoprotective strategy in a wide range of cellular and whole-organ models of IR injury [3] [4] [5] [6] [7] [8] [9] [10] . The downstream protective effects of such uncoupling are thought to be mediated via lowering of mitochondrial ROS generation or inhibition of mitochondrial Ca 2+ overload [2, 11, 12, 21] . However, recent reports have shown that UCP transfection can sensitize cells to apoptosis [51] and accelerate the progression of atherosclerosis [52] , suggesting that the utility of transgenic systems for modulating UCP activity may be limited.
Opening of the mitochondrial K + ATP channel has been implicated in the mechanism of IPC [53, 54] , although the existence of this channel is still debated [55] [56] [57] . In considering the contribution from mitochondrial K + fluxes to the uncoupling observed in IPC, several factors should be noted: nigericin was absent from our incubations [27] , and thus a fast K + -mediated H + leak would require a rapid outwards K + flux through the K + /H + exchanger, balanced by a rapid K + influx through a channel such as K + ATP . While the incubation of mitochondria in K + -based solutions causes an initial (< 30 s) saturated K + uptake (of which approx. 20 % is accounted for by the K + ATP channel [58] ), this uptake is not sustained. Maximal sustained K + entry rates into isolated heart mitochondria are approx. 5 nmol/min per mg [59] , whereas H + leak rates (as described above) are approx. 200-300 nmol H + /min per mg. Thus K + cycling can account for approx. 2 % of the H + leak. Consistent with this observation, previous studies have estimated that the contribution from K + /H + cycling fluxes to mitochondrial H + leak is 'small or non-existent' [1, 60] . Overall, the current data highlight a bi-modal behaviour of H + leakage, that is either cardioprotective in IPC or pathological in IR, and is dependent upon its magnitude. In this regard it is interesting to draw a parallel with the PT pore. The pathological role of the PT pore in IR injury is well established [17, 41, 42] and is paralleled by a large increase in H + leak in response to IR. It is also known that IPC prevents large-scale PT pore opening upon reperfusion [61] , and similarly IPC prevents a large-scale H + leak upon reperfusion. Notably, our data demonstrating a small increase in H + leak in IPC appear to be consistent with a recent proposal that transient PT pore flickering is implicated in the mechanism of IPC [62] , although the latter has recently been challenged [63] . Overall, while PT pore flickering is implicated in IPC, and large-scale PT pore opening occurs in IR, whether the former mechanistically H + leak during IR and IPC 617 prevent the latter remains to be proven. Similarly, whether a small H + leak in IPC is involved in the mechanism of preventing a large H + leak in response to IR, is unknown. In summary, the line between what does and does not constitute the 'PT pore' requires refinement, not only to understand the current data set, but also in resolving the controversial role of the PT pore in IPC. The identification of the upstream regulators of both the H + leak and the PT pore will be essential to further our understanding of the complex roles that these phenomena play in IPC, and IR injury. Furthermore, the development of drugs to modulate the H + leak should afford avenues for pharmacological preconditioning and the amelioration of cardiac IR injury [64] .
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